Introduction
Fruit crops in the semi-arid region of the Sã o Francisco River basin in Brazil constitute an important activity for the livelihoods of rural communities. Mango is important for export markets. Its fruit has the advantage of being juicy and relatively large in size, besides being a rich nutrient source.
The global large mango players are India (50%), China (9%), a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 1 5 2 4 -1 5 3 7 a r t i c l e i n f o Mexico (6%), Thailand (5%), Philippines (5%) and Pakistan (4%). Brazil has 2.5% of the world production, and after Mexico is the second largest mango producing country in the Americas. Mango is a perennial crop with a high leaf area index and a relative deep rooting depth from 100 to 150 cm. The trees basically require a frost-free climate and grow most favourably in warm climates (25-35 8C) , in almost any well-drained soil whether sandy, loam or clay. Experience indicates that the water use of fruit crops varies considerably; it is unknown how much variability exists from orchard to orchard. Differences in cultivation practices or the method used in calculating evapotranspiration are of fundamental importance for extrapolation of research results to other regions (Williams and Ayars, 2005) .
The relationship between irrigation, evapotranspiration, yield and percolation is essential for applying and maintaining good water management practices. The agro-hydrological processes in a mango orchard are only rarely described in the international literature. Despite the economical and nutritious importance of its fruits, little research has been attributed to the crop water productivity (C WP ). The index C PW can have a variety of definitions. The most common are: the fresh fruit productivity in terms of actual evapotranspiration or actual transpiration and in terms of the volume of applied irrigation water (Molden et al., 2003) . It can also be expressed in terms of monetary value per unit of water (Bos et al., 2005) .
E a measurements by energy balance techniques in tropical fruits, vineyards and vegetables have been made in grapes (Heilman et al., 1996) , mango orchard (Azevedo et al., 2003) , garlic (Vilalolobos et al., 2004) , grapes (Yunusa and Walker, 2004) , pecans (Sammis et al., 2004) , citrus (Rana et al., 2005) , peach (Paç o et al., 2006) , olives (Testi et al., 2006) and grapes (Teixeira et al., 2007) .
Irrigation of mango orchards can be associated with environmental problems. Molle et al. (1999) reported that mango orchards in Thailand are receiving 20 pesticide treatments and 5 fertilizer applications per season. Despite growing attention in irrigated orchards to leaking root zones, in general during the last decades, knowledge on evapotranspiration-percolation relationships is nevertheless limited. Thus the environmental impact of non-consumed irrigation water requires more attention. This paper addresses E a measurements which, in conjunction with soil moisture storage changes, and rainfall, allow the isolation of percolation fluxes (instead of deriving E a from percolation estimates, we assess percolation from E a estimates).
The general objective of this study was to find useful recommendations for a rational and strategic water management in irrigated mango orchards. The specific objectives of this study are
The evaluation of the performance of the eddy covariance technique for measuring actual evapotranspiration for tropical fruits. Assessment of daily and seasonal mango evapotranspiration and related crop water parameters for two complete growing seasons having different rainfall regimes. Determination of the field scale water balance for irrigation performance and environmental analysis.
Quantifying water productivity indicators at field scale that can be used in subsequent up scaling studies.
2.
Materials and methods A mango growth cycle extends from November to October. The fruit trees undergo vegetative growth between November and January, followed by branch development from January to May. The mango trees in the region flower typically in May to July, with fruit initiation in June and July. Fruit growth occurs in July and August. Fruit maturation typically occurs during August and September. The fruits are then picked during September and October. Healthy trees require little pruning. Besides irrigating the crop with a water depth of approximately 900 mm, farmers spray pesticides on a weekly basis for crop protection. Fertilizers are applied through the microsprinkler irrigation system. Mango trees require regular applications of nitrogen fertilizer to promote healthy growth flushes and flower production, and the NPK application depends on soil and leaf analysis. Heck et al. (2003) reported a fertilizer application in the same region of Pernambuco of 2.5 tonne ha 
Orchard energy balance
During the experiments, all components of the energy balance were acquired by both, the Bowen ratio and eddy covariance methods ( Fig. 1 ), but only eddy covariance measurements were used for the partition of the heat fluxes in this paper.
a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 1 5 2 4 -1 5 3 7
The eddy covariance system determined the sensible (H) and latent heat fluxes (lE) using a three-axis sonic anemometer (Model CSAT3, Campbell Scientific, Logan, UT, USA) and a krypton hygrometer (Model KH20, Campbell Scientific, Logan, UT, USA), respectively, connected to a datalogger (model CR10X, Campbell Scientific, Logan, UT, USA). The sensors were installed at a height of 8.5 m (thus 3 m above the crown of the mango tree) with a horizontal separation of 
0.15 m and with a sampling frequency of 16 Hz. Corrections to the lE due to sensible and latent flux (Webb et al., 1980) , oxygen absorption (Tanner et al., 1993) and frequency losses (Moore, 1986) were applied using software developed by Van Dijk et al. (2004) . The fluxes were computed for 30 min periods and later summed to give daily totals.
The net radiation (R n ) was acquired with one net radiometer (model NR-Lite, Kipp & Zonnen, Delft, The Netherlands) above a row of plants at a height of 7.5 m. Previous experiments with fruit crops have shown that no big differences arise by using one sensor or two above and between rows for determination of R n at this height (Teixeira et al., 2007) . The soil heat flux (G) was measured with two heat flux plates (model HFT3-L, REBS, Radiation and Energy Balance Systems, Seattle, WA, USA) at 2 cm soil depth and below the projected tree crown at 100 cm from the trunk. Flux plates were buried one at the west and the other at the east side a row of trees. The values of G were obtained as the average of the two measurements. R n and G were measured at each 5 s interval and 10 min averages were stored on another datalogger (the same model used for eddy covariance measurements).
Missing data for lE from krypton hygrometer during the rainy periods were estimated by the relationship between (H + lE) and the available energy (R n + G). After gap filling, the complete energy and water balances for entire growing seasons could be derived. The tower did not have problems of fetch in any direction, as the plot of 11.92 ha was inside a big farm with around 140 ha of mango orchards, southeast is the predominant wind direction.
Because of the lack of energy closure, a hybrid combination of radiation and flux measurements was deployed in this study. This combination method using eddy covariance measurements and the Bowen ratio of the fluxes (b = H/lE), the latent heat flux (lE) was derived using the following equation:
The actual evapotranspiration (E a ) was calculated transforming the lE into millimetres of water. The calculation of E a at a daily time scale was obtained by summation of all 30 min values for 24 h periods.
Evapotranspiration and crop coefficients
The reference evapotranspiration (E 0 ) was calculated from Allen et al. (1998) using climatic data from an agro-meteorological station in the vicinity of the orchard (500 m). Half hourly measurements of average air temperature, relative humidity, wind speed, net radiation over grass and soil heat flux were used. The crop coefficient (K c ) was expressed as E a / E 0 . The upper envelope of the K c values was used to derive potential evapotranspiration (E p ). For the evaluation of actual transpiration (T a ) and soil evaporation (E s ), K c was separated into two components: K cb (basal coefficient) and K e (soil evaporation component), respectively, using daily fluctuations of K c . Minimum values of this last coefficient were used to fit a curve for obtaining daily K cb values, while K e was considered as the difference between K c and K cb . Hence
Additional measurements
The soil moisture was monitored weekly in the orchard with tensiometers at depths of 20, 40, 60, 80, 100 and 120 cm. These depths are considered to be inside the effective root zone for mango trees under local conditions. Suctions were converted into soil moisture by using measured soil water retention curves. Microclimatic data of air temperature and relative humidity were used together with R n, lE and G to estimate the bulk surface resistance to water vapour transport (r s ) applying the Penman-Monteith equation:
where
) is the slope of the saturated vapour pressure curve, r a (kg m À3 ) is the air density,
) is the air specific heat at constant pressure, D (kPa) is the vapour pressure deficit and g (kPa 8C
À1
) is the psychrometric constant. The value of r s is obtained from model inversion of this equation using 30 min data. The 30 min data values of r s were averaged.
The aerodynamic resistance r a (s m
) was estimated using flux profile relationships. In this method the atmospheric surface layer similarity theory was used, applying the universal functions suggested by Businger et al. (1971) and the integrated stability functions of temperature (C h ) and momentum (C m ).
2.5.
Soil water balance and storage change
The combined percolation and drainage term can be obtained from the remaining soil water balance terms as the difference between inputs (precipitation P, irrigation I and change in moisture storage, DW) and outputs (E a ). Since sub-surface drainage systems were absent, and flow to surface drains is negligible, the combined percolation/drainage flux can essentially be considered to represent deep percolation D P :
The changes in soil water storage (DW) are positive when water is added to the root zone, otherwise it is negative:
The water storage W in the root zone is derived from the layer-wise soil moisture values (u i ). At moment t, the storage across the depth (dz i ) of the six sensors (i = 1, . . ., 6) can be computed as
2.6.
Irrigation performance and crop water productivity
Following Bastiaanssen et al. (2001) the irrigation performance indicators applied in this study were the relative water supply (R WS ), crop water deficit (C WD ) and crop water productivity (C WP ) based on irrigation (I), actual evapotranspiration (E a ), actual transpiration (T a ) and actual crop yield (Y a ):
where P is the precipitation; V I the water applied through irrigation; V Ea and V Ta are water fluxes by actual evapotranspiration and actual transpiration, respectively; and Y a is the actual yield of fruits. Increases in economic water productivity may indicate a shift towards higher valued crops, increase in yields or a saving in water input (Bos et al., 2005) . As economic indicators, the indexes used were the standard gross value of production (fruits) over the irrigation supply (CWP$ I ) and over actual evapotranspiration or actual transpiration (CWP$ Ea;Ta ).
Results

3.1.
Weather conditions and soil moisture Wind speed (WS) at 3 m above a standardized grass field presented maximum values from July to November (3.6 m s À1 ) and the minimum values from January to April (0.8 m s À1 ). The wind speed over the rough mango trees were around 12% greater than over grass due to the height of the anemometer above the orchard. Values of global radiation (R G ) were as expected in the southern hemisphere: lower from April to July and higher from August to January, when they started to decline again. Reference evapotranspiration (E 0 ) followed the oscillation of R G . Precipitation was concentrated between January and April. The year 2004 was unusually wet. The accumulated rainfall for the first growing season was 887 mm, for the second it was only 384 mm, while the longer term annual average is 570 mm. a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 1 5 2 4 -1 5 3 7
The values of layer-wise soil water content (u) from 20 to 120 cm depth are presented in Fig. 3 . The near-surface moisture content values were from 0.04 to 0.12 cm 3 cm
À3
only, which creates a visually dry soil surface. Underneath the dry surface layer, the soil was wet with measured u values peaking at 0.38 cm 3 cm
. These levels can be interpreted as representing the soil porosity when the volumetric soil water content reaches its maximum in sandy soil. The highest moisture values occurred at the end of February in 2004 and are related to the preceding storm events. After this period, soil moisture was approximately constant throughout the seasons. The values at 120 cm were most often lower than at 60 and 100 cm, which reveal typical downward percolation conditions. The magnitude of the percolation needs to be investigated from the soil water balance. As the effective root zone of mango crop is 120 cm, it can be concluded from the u values that the mango orchard was not stressed by water shortage during most of the days.
Energy balance closure
Despite eddy covariance being among the most advanced ''in situ'' measurement technologies that directly provide lE, it is widely known to have problems. The lE data quality from this system has been verified by studying the energy balance closure: fluxes (lE + H) and available energy (R n À G) were compared for the whole period of measurements (2003) (2004) (2005) at a daily time scale (Fig. 4) . Since the main objective of the research is irrigation management and water productivities, we are less interested in studying hourly energy balance closures, daily total values are sufficient. The energy balance ratio, i.e. the ratio of turbulent energy fluxes to available energy was 88%. The RMSE for 24 h values was 1.7 MJ m À2 day À1 , evidence of the good quality of the dataset. A closure error of 10-30% seems to occur frequently with eddy covariance-based latent heat flux estimates. A summary paper of 22 flux sites indicated a general lack of closure, with a mean imbalance in the order of 20% (Wilson et al., 2002) . Available energy (R n À G) systematically exceeding measured fluxes (lE + H) were also published by Twine et al. (2000) The lack of energy balance closure can also be associated with measurement errors in R n and G, but not completely explained by this uncertainty, because eddy covariance systems have their own sources of error (Twine et al., 2000) . Further to systematic biases in the instrumentation, the general hypothesis is that lack of energy balance closure can be explained by sampling errors related to different footprints, neglected energy sinks, loss of low and/or high frequency contributions to the turbulent heat flux and advection of scalars (e.g. Paw et al., 2000) .
To circumvent this common problem, several agrometeorological studies have found a practical solution to force the closure of the surface energy balance. Simmons et al. (2007) also used the residual method to obtain E a by measuring H with a sonic anemometer and the available energy in a floodirrigated pecan orchard, while Chehbouni et al. (2006) used eddy covariance measurements and the ratio H/lE over irrigated wheat in the Yaqui Valley in northwest Mexico. It was decided to analyse the results combining the ratio H/lE with the measured available energy (e.g. Twine et al., 2000) . Whilst the lack of energy balance closure underestimates lE, forcing the closure by this combination method we assume this underestimation to be corrected (e.g. Hoedjes et al., 2002) .
The authors have a preference for the combination method because:
it directly produces evaporative fraction, being a key expression for energy partitioning; it ensures a closed energy balance; it mainly utilizes highly advanced eddy covariance systems; it has a good consistency with the theoretically best lE measurements.
All the energy balance and E a data discussed hereafter are based on the combination method with H/lE from eddy covariance measurements.
3.3.
Partition into sensible and latent heat fluxes Table 1 . Unstable atmospheric conditions predominated above the orchard, with the sensible heat flux (H) accounting for 11% and 15% of R n during the first and second growing seasons, respectively. The significant leaf area index of mango crop (LAI $5 to 6) caused solar radiation to hardly penetrate through the canopy. As a consequence, the soil heat flux (G) at daily scale was small and negative with 24 h averaged values of 3% and 2% of R n in the first and second growing seasons, respectively. Negative values for G could be the result of conditions with a large LAI in conjunction with frequent micro sprinkler irrigation that keeps the soil thermal conductivity high.
The largest part of R n was used as latent heat flux (lE). lE represented on average 89% of R n during the first growing season and 80% for the second one. The corresponding evaporative fractions (E F = lE/R n À G) were 0.86 and 0.79. During an earlier mango energy balance study during 1998, the E F was found to be 0.73 in August, 0.86 in September, 0.78 in October and 0.80 during November (Lopes et al., 2001 ), similar to our results.
The values of E F remained rather constant during the growing seasons, which reflect a constant supply of irrigation water. An average E F of 0.83 is according to Scott et al. (2003) equivalent to a degree of soil moisture saturation in the root zone of 67%, which at a maximum moisture value of 0.38 cm 3 cm À3 suggests average soil moisture in the root zone of 0.25 cm 3 cm
À3
. The latter can be confirmed from the soil moisture measurements (see Fig. 3 ). Testi et al. (2004) studied the partition of energy balance in a young olive orchard, under different soil water conditions. They also concluded that the amount of R n used as lE and H depends on soil water content. The rainy period elapsed from January to April and after that, farmers refrain from irrigation, inducing a drop of evaporative fraction to a value around 0.70 during the branch development stages.
Evapotranspiration
Despite the first growing season having an above average rainfall; the difference in potential evapotranspiration (E p ) is mainly caused by cloud cover and solar radiation (R G ). Outside the short rainy season, R G can be abundant. The E p in the first growing season was with 1565 mm, more than for the second season (1441 mm). As a consequence of the higher potential evapotranspiration, and the wetter soil due to rainfall (the 80-120 cm depth layers are systematically wetter in the first growing season), actual ET in 2003-4 was 1492 mm and higher than the 1346 mm measured in 2004-05. The average ET a over the two seasons was 1419 mm with an average daily value rate of 3.7 mm day À1 . Fig. 6 shows the seasonal trend of daily values of actual evapotranspiration (E a ) in mango orchard. The values followed the atmospheric demand in both growing seasons, being higher from October (2003) flowering to fruit maturation using both, Bowen ratio and soil water balance methods. It should be noted that the study of Azevedo reflects drip irrigation, while our study used micro a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 1 5 2 4 -1 5 3 7
sprinklers. The mean crop heights are similar for both studies (around 5 m) and the trees were spaced 8.0 m Â 5.0 m in the previous study, while in the present field, trees stand in a regular square pattern at 10 m Â 10 m. The mango orchard LAI in the first study was approximately 12-15 while the larger spacing in our study yields values of 5.2, 6.0 and 5.6, being another reason for the lower E a . Lopes et al. (2001) evaluating E a using the Bowen ratio method for 6-year-old, drip-irrigated mango trees, found values in the range of 3.1-6.2 mm day À1 in Petrolina, Brazil. Annual mango E a in South Africa was found by Mostert and Wantenaar (1994) to be 1197 mm. The winter E a was 2.2 mm day À1 on average, while the summer E a was with 4.4 mm day À1 exactly double. Molle et al. (1999) reported on an annual mango plot water consumption of 1630 mm in a raised bed system, including crop consumptive use and evaporation from pounding water. a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 1 5 2 4 -1 5 3 7
With regard to other orchards, the E a results for mango were greater than for citrus (Paço et al., 2006) and lower than for peach (Rana et al., 2005) . Rana et al. (2005) , respectively. The eddy covariance system was also used by Sammis et al. (2004) to study water consumption of flood-irrigated pecans in USA; they found an averaged total E a of 1420 mm for 2001 and 2002 that was similar to the total E a of mango orchard in first growing season in the present study.
Crop coefficients
The 20-day interval averaged K c data for the dry growing season (2004) (2005) were fitted with a polynomial function expressed in degree days (basal T = 10 8C) rather than in calendar days, for incorporation of temperature effects on the growing stages of mango trees (Fig. 7) . The period before the pruning date was included because the farmers also applied large amounts of water during post-harvest periods, which must be included for the final water productivity analysis. The values of E a largely followed the E 0 . During the rainy periods at the start of the year, E a rates exceeded E 0 , resulting in daily K c values exceeding 1 (Fig. 8) . Soil evaporation plays a role in these high K c values, as can be seen by the high values of the crop coefficient based on soil evaporation (K e ). This effect was more pronounced in 2004, when unusually strong storms occurred. The highest daily values of K c were from the end of January to end of March for both seasons reaching peak K c values of 1.40. This time of both years (2004 and 2005) was the rainy period when the crop was at the branch development and flowering stages. The minimum values occurred when the crop was in a transition stage from previous post-harvest to vegetative growth, coinciding with periods without rain.
For both seasons, higher K c values were found than by Azevedo et al. (2003) who reported K c values around 0.71 during the crop stages studied. They also fitted a polynomial curve, but with K c values as a function of the days after flowering (DAF). The higher K c values in our study have the same reasons as mentioned for E a , but in addition it should be noticed that they used a conventional agro-meteorological station in contrast with our automatic weather station data to calculate E 0 .
The maximum K c values found for citrus by Rana et al. (2005) were around 1.20, a little lower than the results for mango orchard during our study, while Sammis et al. (2004) and Paç o et al. (2006) found much lower values in the range of 0.20-1.10 for pecan and from 0.40 to 0.60 for peach orchards, respectively. The minimum K c values for 20-day periods were considered to represent the basal coefficients (K cb ) and a curve was fitted (Fig. 8) . The maximum daily values of K cb were 0.85 and 0.75 for the first and second growing seasons, respectively. The minimum values for initial stages were 0.46 during the first season. During the second season, minimum initial K cb values were 0.41. The basal crop coefficients during the harvest season were 0.67 and 0.36 for the first and second years, respectively. This trend was also observed in the K c analysis. With the difference between K c and K cb the resulted K e values showed that soil evaporation contributed about 20% to the total mango orchard E a . With values of K cb , K e and E 0 , the actual transpiration (T a ) and soil evaporation (E s ) could be 2 0 0 8 ) 1 5 2 4 -1 5 3 7 determined (see Table 2 ). T a for both seasons followed the fluctuations in E a .
Single layer crop resistances
A more in-depth physical explanation of mango E a can be obtained if the aerodynamic (r a ) and bulk surface (r s ) resistances are derived. Fig. 9 shows the seasonal variation in r a and r s for the growing seasons , which explains that the mango E a is lower than for grass as the reference crop (for which r s is assumed to be 70 s m
À1
). These relatively high r s values can be ascribed to absence of a ground cover crop and the relatively dry air. Yet r s can also vary with soil water content and soil hydraulic conductivity close to the roots.
The increase of r s with high values of water vapour deficit (D) has been reported by Testi et al. (2006) in olive orchard in Spain. According to Rana et al. (2005) , r s is not a constant, they confirm that it varies depending on D, but also depends on the available energy to the crop. Alves and Pereira (2000) used the so-called climatic resistance that is directly proportional to D for lettuce crop, to explain variations in lE. If there is sufficient soil moisture to avoid water stress, conditions of high D together with low values of aerodynamic resistances (r a ) promote high rates of E a , which make the values of r s lower and this is the case of irrigated mango orchards growing in the semi-arid conditions of Sã o Francisco River basin. The main reasons for differences in orchard water variables between our study and some others cited above can be attributed to different species, varieties, climate, soil type, irrigation systems and frequency of irrigation, cultural management, methods of determination of evapotranspiration and also the plant density that affect the soil cover.
3.7.
Soil water balance
Irrigated soils in the central Sã o Francisco River basin have experienced declines in productivity, which may be a a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 1 5 2 4 -1 5 3 7 reflection of changes in soil chemical properties due to management (Heck et al., 2003) . The water flow in the unsaturated zone needs to be properly understood for assessing sustainability. The monthly soil water balance for the mango orchard is presented in Table 3 , while the seasonal variation is presented in Fig. 10 . The percolation flow can be as high as 50 mm per week (or 200 mm month
À1
) following periods of rain storms. This flow can be regarded as happening at a depth of 140 cm below natural ground surface. The largest fluctuations in percolation are found during the rainy season (see Fig. 10b ). The highly permeable soils have a great drainage capacity that ensures that soil moisture is not rising and that excessive moisture percolates downwards. This is in agreement with the general soil water requirements of mango orchard; hence it has been a good choice to cultivate this fruit crop in the soils and climate of Petrolina-PE. The latter is confirmed from the soil moisture changes. Table 3 shows that the changes across a month are 30 mm at maximum.
The soil water balance as defined in Eq. (5) could be computed only for the period in which soil moisture of the layers and E a were measured. The percolation flows are rather conserved during the irrigation season and outside the rainy season. During dry periods, the measurements suggest that capillary rise provided extra water to the root zone. This last process can be established only if the 120 cm deep moisture layer is wetter that the 100 cm layer. This indeed sometimes occurred, especially after the end of the rainy period during the first growing season, when the time without irrigation during this period was longer than in the second season (see Figs. 3 and 10) .
Seasonal percolation could be computed as being around 300 mm, considering the rate of 0.8 mm day
, from the data during the second growing season (Table 3) , and a mean duration for the two seasons of 380 days. This is a substantial return flow of the irrigation system that to a large degree is manageable. Irrigation conservation could reduce the percolation. An example of stress induced soil water content is described in Nadler et al. (2006) . The limited distance of 5.5 km from the river ensures that most return flow is drained to the Sã o Francisco. The significant percolation flow transports the solutes down to the groundwater. Both groundwater quality and the soil health need to be controlled.
3.8.
Irrigation performance and crop water productivity
Knowledge of the water balance allows the evaluation of irrigation performance and water productivity. Irrigation performance has been introduced to describe the hydrological a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 1 5 2 4 -1 5 3 7 behaviour of irrigation systems by means of simple understandable ratios, which involve agro-meteorological data, water delivered and water consumed (Bos et al., 2005) . The crop water productivity indicators are summarized in Tables 4 and 5 according to the crop stages and growing seasons. The water indicator R WS found for the mango orchard showed the presence of a gap between crop water demands and supply for some crop stages, which was more pronounced during the first growing season. The main reason could be due to irrigation management during the rainy period. The farmer stopped the irrigation at crop stages between branch development and flowering which coincided with the rainy period for both seasons. The time without irrigation in the first season was longer than during the second. For the first season the values of R WS were in the range from 0.41 to 1.45 and for second they were in the range from 0.86 to 1.21. The indicator C WD showed some deficit during branch development-flowering stages, having totals of 73-95 mm for the first and second growing seasons, respectively, evidence of a very low water shortage, that agrees with the finding of a constant wetted root zone.
The eddy covariance measurements yielded mean R WS of 1.13 and 1.05 for the first and second growing seasons. In general R WS greater than one could be taken as an advantage from the point of view of securing the crop water requirements as well as groundwater recharge. These numbers imply that approximately 10% more irrigation water was supplied than was necessary to meet the crop water requirements. This is according to best practice as some of the irrigation water will unavoidably leak away from the orchard. The optimum value for relative water supply would be 0.80, because C WP increases with water stress. This case study showed that for the period vegetative growth-branch development of mango growing seasons, more water should be saved from reduced supplies, while care should be taken after the rainy period where more water should be given as the water quickly percolates away. A Fig. 10 -Soil water balance into the root zone for the first (a) and second (b) growing seasons in mango orchard: precipitation (P); irrigation (I); deep percolation (D P ); capillary rise (CR) and actual evapotranspiration (E a ). Table 4 -Actual (E a ) and potential (E p ) evapotranspiration, crop water deficit (C WD ), rainfall (P), irrigation (I) and relative water supply (R WS ), during the phenological phases of the mango orchard reduction of irrigation water in April to July will also reduce the drainage effluents and prevent nutrients and chemical leaching away from the root zone. Table 4 shows that the second growing season had a very constant and ideal R WS value around 1.0. The irrigation was less during the rainy season and much higher during the dry season from July to October. During the first growing season, irrigation management could have been much better: there was over-irrigation during branch development and under-irrigation during flowering. It is interesting to study the impact of water stress during flowering on the final fruit yield.
Mango yields vary with the cultivar and the age of the tree. A well-managed orchard may yield 200-300 fruits per tree. Old trees in Java are known to produce 1000-1500 fruits per tree. In Puerto Rico, mango yield varies among 29-67 tonne ha À1 (Morton, 1987 . This type of bio-physical water productivities are generally higher than for arable crops (essentially C WP Ea from 0.5 to 1.5 kg m À3 for wheat and rice; see Zwart and Bastiaassen, 2004) but comparable to grapes (C WP Ea is 3.8 kg m
À3
; Teixeira et al., 2007) that both contain a high moisture content of the fresh product (approximately 75-80%).
The monetary component of crop water productivity (C WP$ ) was also computed per unit irrigation (C WP$ I ), actual evapotranspiration (C WP$ Ea ) and actual transpiration (C WP$ Ta ). The C WP$ I was 4.86 and 4.39 US$ m À3 for the first and second growing seasons, respectively. In relation to C WP$ Ea the values were 2.85 and 3.68 US$ m
. For transpiration, the C WP$ Ta was 3.65 and 5.50 US$ m À3 (see Table 5 ).
An economic water productivity of 3-4 US$ m À3 per unit of water depleted is almost a factor 20 more than for irrigated staple crops. The agricultural water usage in the semi-arid region of Sã o Francisco river basin is thus highly productive, besides also providing jobs in the agri-business, which is a stimulus for rural development of the region.
Conclusions
Because of the importance of the water management in fruit crops, daily and seasonal water-use patterns of a large commercial mango orchard were collected. The results presented in this paper are important for irrigation management, water allocation, water savings and environmental sustainability of irrigated mango orchards. Despite the aerodynamically rough surface with the crowns of mango trees exceeding 5 m, the actual ET of the mango orchard is less than for grass as a reference crop (k c = 0.91). The underlying reason is the presence of a relatively large bulk surface resistance (135 s m À1 ) due to presence of older leaves, shadow in the crown, distance between trees for mechanical access and the absence of a ground cover crop.
In the commercial farm investigated, soil moisture, evaporative fraction, crop water deficit and relative water supply were kept at ideal levels, especially considering the values for the entire growing seasons. The drawback of a wet light textured soil is the capacity to percolate excessive water resources. The annual percolation flow was 300 mm, and this is a threat to groundwater contamination and soil salinity build up, if drainage is not given proper attention.
The bio-physical and economical water productivities of mango are very high. An economic water productivity of US$ 2.90-3.70 m À3 is an order of magnitude better than for staple crops. Hence from a scarce water resources point of view, water allocation to irrigated mango orchards is desirable. Although this water usage is highly productive, the environmental consequences must be considered keeping irrigated horticulture in pace with sustainability requirements. The challenge is to find a balance between water productivity and environmental pollution. a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 1 5 2 4 -1 5 3 7
